Introduction {#Sec1}
============

Multiple myeloma (MM) is a clonal expansion of malignant plasma cells in the bone marrow (BM) that is typically accompanied by paraproteinemia, lytic bone lesions, hypercalcemia, cytopenias, and renal failure. It is preceded by monoclonal gammopathy of undetermined significance (MGUS), an asymptomatic premalignant accumulation of clonal plasma cells that shares genetic features with MM \[[@CR1]\]. In \~50% of MGUS and MM patients, recurrent translocations involving the immunoglobulin heavy chain (IgH) locus are found, which drive the expression of juxtaposed genes, including Cyclin D1 (*CCND1*,11q13), *FGF3/MMSET* (4p16.3), Cyclin D3 (*CCND3*, 6p21), *MAFC* (16q23), and *MAFB* (20q11). Most of the remaining cases are hyperdiploid, with recurrent trisomies of chromosomes 3, 5, 7, 9, 11, 15, 19, and 21 \[[@CR2], [@CR3]\]. Despite this heterogeneity, all these primary genetic events are believed to drive cell cycle entry by deregulating D-type cyclins, a unifying pathogenic event crucial for malignant transformation of plasma cells \[[@CR4]\]. In addition, multiple secondary genetic and epigenetic abnormalities have been identified that drive MM progression. These include general hypomethylation, gene-specific hypermethylation, mutations in *KRAS*, *NRAS*, *BRAF*, and *P53*, genetic and epigenetic abnormalities in NF kappa B and Wnt pathway components, and genetic aberrations in the *MYC* family of oncogenes \[[@CR2], [@CR3], [@CR5]\]. Despite the broad landscape of genetic and epigenetic abnormalities, virtually all MM tumors are strictly dependent on the BM microenvironment, or niche, for growth and survival \[[@CR6], [@CR7]\].

The MM microenvironment consists of various extra-cellular matrix components and cell types, including BM stromal cells, osteoblasts, osteoclasts, and endothelial cells. These cells secrete factors such as interleukin(IL)-6, insulin-like growth factor (IGF), hepatocyte growth factor (HGF) and a proliferation-induced ligand (APRIL), which collectively provide signals essential for growth and survival \[[@CR6], [@CR8]\]. Both normal and malignant plasma cells are highly decorated with the heparan sulfate proteoglycan (HSPG) syndecan-1, which facilitates communication with the BM niche by binding and presenting numerous secreted factors and promoting signal transduction and adhesion \[[@CR9]--[@CR11]\]. During disease progression, MM cells continuously interact with and shape the microenvironment to favor tumor growth. This disrupts BM homeostasis, resulting in cytopenias and lytic bone lesions. Interestingly, the canonical Wnt signaling pathway plays a dual role in the reciprocal interaction between MM cells and the BM niche: (I) the BM microenvironment facilitates aberrant activation of canonical Wnt signaling in MM cells, and thereby plays an important role in tumorigenesis; (II) MM cells secrete Wnt antagonists which contribute to the development of lytic bone lesions by impairing osteoblast differentiation. In this review, we examine the causes and biological consequences of aberrant Wnt signaling activity in MM cells and discuss possible strategies to target the Wnt pathway in MM.

The Wnt signaling pathway {#Sec2}
=========================

The Wnt cascade represents a highly conserved developmental signal-transduction pathway involved in a variety of cellular processes, including regulation of proliferation, cell-fate, migration, and cell polarity. There are 19 *Wnt* genes in the human genome which encode lipid-modified secreted glycoproteins, acting as ligands for their cognate Frizzled (FZD) receptors. Wnts are relatively unstable and insoluble due to their hydrophobic nature, which constrains long-range signaling. As a consequence, they act as typical niche or stem cell factors \[[@CR12], [@CR13]\]. The lipid modification of Wnt proteins involves covalent attachment of a palmitoyl group, appended by the palmitoyltransferase Porcupine (encoded by *PORC*), and is required for signaling and secretion \[[@CR14], [@CR15]\]. Wnt signals can be transduced in distinct ways; by a well-defined "canonical" Wnt/β-catenin pathway, or by either of two β-catenin independent "non-canonical" Wnt signaling cascades, designated the Wnt/PCP and Wnt/Ca^2+^ signaling pathway. Whereas some members of the Wnt ligand and Fzd receptor families are strictly dedicated to either canonical or non-canonical signaling, most Wnts and Fzds are promiscuously involved in both pathways. In this review, we will mainly focus on canonical Wnt signaling.

Canonical Wnt signaling revolves around the stabilization and subcellular localization of the transcriptional coactivator β-catenin (Fig. [1](#Fig1){ref-type="fig"}). In the absence of Wnt ligands, β-catenin is continuously phosphorylated by a destruction complex that includes CK1α, AXIN, APC, and GSK3β, which marks β-catenin for ubiquitination and proteasomal degradation (Fig. [1](#Fig1){ref-type="fig"}, left panel). Engagement of a Wnt ligand to one of its cognate Fzd receptors initiates phosphorylation of the Wnt coreceptors LRP5/6, thereby creating a docking site for AXIN (Fig. [1](#Fig1){ref-type="fig"}, right panel). Subsequent translocation of AXIN to the plasma membrane disrupts the destruction complex and allows stabilization and nuclear translocation of non-phosphorylated β-catenin \[[@CR12], [@CR13]\]. In cooperation with TCF/LEF family transcription factors \[[@CR16], [@CR17]\] and other transcriptional coactivators, such as BCL9 \[[@CR18]\], this orchestrates a transcriptional program comprising multiple targets including *MYC* and *CCND1* (encoding Cyclin D1) \[[@CR19], [@CR20]\].Fig. 1Schematic representation of canonical Wnt signaling. *Off state* (left panel): In the absence of Wnt ligands, β-catenin is continuously phosphorylated by a destruction complex that includes AXIN, APC, GSK3β, and CK1α, which marks it for proteasomal degradation. In addition, Wnt signaling is antagonized at multiple levels. First, the secreted Wnt inhibitors sFRP and DKK1 prevent activation of Wnt signaling by sequestering Wnt ligands or preventing LRP5/6 phosphorylation, respectively. Second, in the absence of LGR4/R-spondin signaling, the E3 ubiquitin ligases ZNRF3 and RNF43 antagonize Wnt activity by ubiquitinating Wnt (co)receptors, which induces internalization and subsequent degradation. Lastly, the deubiquitinase CYLD impairs intracellular signal transduction by removing Lys-63-linked polyubiquitin chains from the adapter protein Disheveled (Dvl), which decreases protein stability. *On state* (right panel): Binding of a Wnt ligand to its receptor Frizzled induces phosphorylation of the co-receptors LRP5/6, which forms a docking site for AXIN. Subsequent sequestration of AXIN disrupts the destruction complex and allows stabilization and nuclear translocation of non-phosphorylated β-catenin. In cooperation with the TCF/LEF family of transcription factors and the co-transcriptional activators Pygopus (PYGO) and BCL9, this orchestrates transcription of Wnt target genes. In addition, LGR4/R-spondin signaling facilitates signaling by Wnt ligands. Engagement of R-spondin to its receptor LGR4 induces internalization of ZNRF3/RNF43, thereby alleviating the negative regulatory role of these E3 ligases on Wnt receptor stability

In contrast to canonical Wnt signaling, non-canonical Wnt signaling is independent of LRP5/6 and β-catenin and plays an important role in regulating cell polarity, adhesion, and migration. In Wnt/PCP signaling, engagement of a Wnt ligand to a Fzd receptor results in activation of the small GTPase RhoA and downstream protein kinases, including Rho-associated protein kinase (ROCK), which regulates cytoskeletal dynamics by dictating the localization of structural proteins such as actin \[[@CR21]--[@CR23]\]. In the Wnt/Ca^2+^ pathway, binding of a Wnt ligand to its receptor results in the release of calcium ions from the endoplasmic reticulum (ER) via the activation of G-proteins, phospholipase C (PLC), and phosphodiesterase (PDE). In turn, elevation of intracellular calcium levels activates enzymes such as protein kinase C (PKC), resulting in altered cell motility \[[@CR24]\].

Deregulation of canonical Wnt signaling plays a central role in malignant transformation and tumorigenesis in a variety of tissues. This is exemplified by the intestinal epithelium. In this archetypal Wnt-dependent tissue Wnt signaling is required for stem cell maintenance and, when hyperactivated, is the main driver of malignant transformation. Oncogenic Wnt signaling typically results from mutations in core pathway components such as APC, β-catenin, and AXIN, causing constitutive, ligand-independent signaling \[[@CR25]\]. In addition, more recent evidence indicates that genetic and epigenetic alterations that increase the sensitivity of tumor cells to Wnt ligands can equally drive tumorigenesis. This is exemplified by genetic alterations in the ZNRF3/RNF43/R-spondin/LGR axis. ZNRF3 and RNF43 are homologous membrane-bound E3 ubiquitin ligases that attenuate signaling by inducing Wnt (co)receptor internalization. Their action is antagonized by leucine-rich repeat-containing G protein-coupled receptor (LGR)-family receptors in response to cognate R-spondin ligands \[[@CR26]--[@CR29]\] (Fig. [1](#Fig1){ref-type="fig"}). Inactivating mutations in *ZNRF3*/*RNF43*, as well as gene fusions of R-spondin causing overexpression, have recently been identified in a number of Wnt-driven tumors, including colorectal cancer (CRC) and pancreatic ductal adenocarcinoma \[[@CR30]--[@CR32]\]. These genetic alterations render the tumor cells highly sensitive to Wnt ligands by stabilizing Wnt (co-)receptors on the plasma membrane. Importantly, since Wnt activation in tumor cells carrying these mutations is still ligand-dependent, it can be targeted by drugs that interfere with Wnt secretion, sequester Wnts, or block Wnt receptors.

Aberrant canonical Wnt signaling in MM cells {#Sec3}
============================================

Initial evidence for a role of canonical Wnt signaling in the pathogenesis of MM came from a study by Derksen et al. \[[@CR5]\] demonstrating that most primary MMs (pMMs) and human MM cell lines (HMCLs), unlike normal plasma cells, express non-phosphorylated, i.e. active, β-catenin in the nucleus. Moreover, inhibition of Wnt signaling by ectopic expression of a dominant negative TCF4 mutant (dnTCF4) in HMCLs suppressed proliferation, implying functional involvement of β-catenin/TCF-mediated transcription. Corroborating these results, other studies showed that siRNA \[[@CR33]\] and shRNA \[[@CR34]\] mediated silencing of β-catenin or treatment of HMCLs with the small molecule Wnt/β-catenin inhibitors PKF115-584 \[[@CR35]\], AV-65 \[[@CR36]\], BC2059 \[[@CR37]\], CGK012 \[[@CR38]\], and the FDA-approved Pyrvinium pamoate \[[@CR39], [@CR40]\] attenuated cell cycle progression, impaired tumor growth, and markedly increased apoptosis of HMCLs both in vitro and in vivo. In addition to attenuating proliferation, silencing of β-catenin increased the sensitivity of the tumor cells to multiple drugs used in the treatment of MM, in particular to lenalidomide \[[@CR34], [@CR41]\]. Gene-expression analysis after silencing of β-catenin \[[@CR34]\] and treatment with PKF115-584 \[[@CR35]\] and CGK012 \[[@CR38]\] showed downregulation of the Wnt target genes *CCND1* (encoding cyclin D1) and *MYC*, which are known to play a key role in the pathogenesis of MM \[[@CR4], [@CR42], [@CR43]\]. In addition to these established Wnt targets, several other genes involved in cell cycle regulation were also downregulated, including Aurora Kinase A (*AURKA)*, which was identified as an important effector of Wnt-driven proliferation in MM \[[@CR34]\]. While these data collectively provided solid evidence for a functional role of canonical Wnt/β-catenin signaling in MM pathogenesis, the mechanisms underlying aberrant Wnt activation remained incompletely understood.

Oncogenic Wnt signaling is typically driven by tumor-cell intrinsic mutations in Wnt pathway components. For this review, we analyzed the mutational status of a number of Wnt pathway components in published MM datasets and identified pathogenic mutations in *APC*, *CTNNB1* (encoding β-catenin) and *RNF43* that are recurrently found in other Wnt-driven tumors (Table [1](#Tab1){ref-type="table"}) \[[@CR44]--[@CR48]\]. Furthermore, a number of mutations were identified of which the pathogenic significance is currently unknown (Table [1](#Tab1){ref-type="table"}). However, these Wnt pathway mutations occur at low frequency (3% overall), indicating that alternative mechanisms drive illegitimate Wnt activation in the majority of MMs. As discussed below, several lines of evidence indicate that paracrine Wnts emanating from the BM microenvironment and/or autocrine Wnts, in concert with loss of negative Wnt pathway regulators, fuel Wnt pathway activation in malignant plasma cells.Table 1Overview of genetic and epigenetic abnormalities in MM that induce or facilitate canonical Wnt activationGeneCDS changeAA changeMutation typeClinical significanceRecurrenceFrequencyClassic Wnt pathway mutations \[[@CR44]--[@CR48]\]APCnrS1465fsFrameshiftPathogenicRecurrent in CRC1/133APC6976C\>GR2326GMissenseLikely pathogenicGermline mutation in FAP1/84APC718A\>TT240SMissenseUnknownNot previously reported1/84APC5369G\>AR1790KMissenseUnknownNot previously reported1/14APC497insA^a^T166fsFrameshiftPathogenicNot previously reportednrAXIN12089C\>TP697SMissenseLikely pathogenicSporadic in HCC1/203AXIN2944C\>TT315MMissenseLikely pathogenicSporadic in GC1/203CTNNB1nrT41IMissensePathogenicRecurrent in CRC and PC1/133*RSPO/LGR4/RNF43/ZNRF3 mutations* \[[@CR46]\]RSPO2219G\>TE73DMissenseUnknownNot previously reported1/203RSPO2257G\>AR86QMissenseLikely pathogenicRecurrent in CRC and PC1/203RNF431813G\>TA605SMissenseUnknownNot previously reported1/203RNF431976delGG659fsFrameshiftPathogenicRecurrent in CRC and PC1/203ZNRF32419G\>CA807PMissenseUnknownNot previously reported1/203ZNRF368T\>GV23GMissenseUnknownNot previously reported1/203*Promotor methylation of secreted Wnt antagonists* \[[@CR61], [@CR62], [@CR65]\]*Abnormalities in LGR4* \[[@CR63]\]**GenepMMHMCLs**mRNA overexpression86% (30/35)APC18% (9/50)25% (1/4)WIF22% (11/50)50% (2/4)*Abnormalities in CYLD* \[[@CR44]--[@CR48], [@CR68]--[@CR70]\]DKK133% (3/12)67% (4/6)Mutation3% (22/744)DKK316% (8/50)50% (2/4)Deletion17% (nr/nr)sFRP127% (33/123)78% (7/9)16q deletion35% (40/114)sFRP252% (38/73)56% (5/9)sFRP3/FRZBndnd*Abnormalities in BCL9* \[[@CR69], [@CR72], [@CR78]--[@CR80]\]sFRP47% (8/123)56% (5/9)mRNA overexpression60% (38/64)sFRP56% (7/123)67% (6/9)Low *miR30* expression60% (47/78)1q gain36% (192/530)Clinical significance and recurrence is based on previous publications on these specific mutations and/or occurrence of these mutations in the Catalog of Somatic Mutations in Cancer (COSMIC) database ([www.cancer.sanger.uc.uk](http://www.cancer.sanger.uc.uk))*CDS* coding DNA sequence, *AA* amino acid, *nr* not reported^a^Patient with germline mutation in APC (attenuated form of familial adenomatous polyposis) that developed MM

Non-canonical Wnt signaling in MM cells {#Sec4}
=======================================

The first evidence for a role of non-canonical Wnt signaling in MM came from a study by Qiang et al. \[[@CR49]\], demonstrating that Wnt3a induces striking morphological changes in MM cells by regulating cytoskeleton dynamics. Whereas Wnt3a treatment resulted in activation of both canonical and non-canonical Wnt signaling, these morphological changes could be blocked by sequestration of Wnt ligands with sFRP-1 and inhibition of non-canonical Wnt signaling by a small molecule inhibitor of Rho-associated kinases, but not by DKK-mediated inhibition of canonical Wnt signaling. Moreover, activation of canonical Wnt signaling by the GSK inhibitor LiCl did not induce these morphological alterations. This indicated that the observed cellular changes were strictly mediated by non-canonical Wnt signaling. Subsequent studies from the same lab showed that activation of non-canonical Wnt signaling also enhanced migration and invasion of MM cells, which involved activation of RhoA, Disheveled (Dvl), and members of the PKC family, in particular PKCμ \[[@CR50]\]. In addition, non-canonical Wnt signaling in MM cells enhanced integrin-mediated heterotypic cell adhesion, resulting in cell-adhesion-mediated drug resistance (CAM-DR) of MM cells to doxorubicin \[[@CR51]\]. Collectively, these studies identified a role of non-canonical Wnt signaling in regulating migration, dissemination and CAM-DR of MM cells.

Paracrine and autocrine Wnt signaling activation in MM {#Sec5}
======================================================

Wnts are produced in the BM microenvironment and have been implicated in hematopoietic stem cell (HSC) maintenance \[[@CR52]\] and early B cell development \[[@CR53]\]. Several studies have modeled paracrine signaling by activating Wnt signaling in MM cells with either exogenous Wnt ligands or the GSK3 inhibitors lithium chloride (LiCl) and 6-bromoindirubin-3-oxomine (BIO) in vitro. These treatments invariably induced β-catenin stabilization and Wnt reporter activity, indicating that MM cells are well equipped to respond to Wnt ligands. While several studies found that Wnt3a-conditioned medium, recombinant Wnt3a or GSK3 inhibition enhanced proliferation of HMCLs \[[@CR5], [@CR37]\], others did not observe this positive effect on tumor growth \[[@CR54]--[@CR56]\]. This might be explained by the different cell lines and compounds used and the promiscuous role of GSK3 in the regulation of multiple signal transduction pathways \[[@CR57]\]. Moreover, it should be noted that accumulating evidence in CRC and HSC supports a 'just-right' model of Wnt activation, which proposes that each individual (tumor) cell has an optimal threshold of Wnt activation \[[@CR58]--[@CR60]\]. This implies that different levels of Wnt activation can have distinct, even opposite, cellular effects. Notably, most MMs display hallmarks of Wnt pathway activation in the absence of exogenously added Wnts, suggesting that autocrine Wnts might be important drivers. Indeed, gene expression analysis revealed expression of various Wnts (including Wnt 3, 4, 5A, 5B, 6, 7, 8A, 10A, 10B, 11, 14 and 16) in pMMs and HMCLs \[[@CR5], [@CR61], [@CR62]\]. Furthermore, blocking Wnt secretion with the small molecule porcupine inhibitors IWP-2 and LGK974 \[[@CR63]\] or opposing binding of Wnt ligands to Fzd with secreted Frizzled protein 1 (sFRP1) \[[@CR62]\] decreased β-catenin stabilization, attenuated β-catenin/TCF-mediated transcription and impaired expansion of several HMCLs, confirming the existence of an autocrine Wnt signaling loop. Taken together, these data indicate that aberrant Wnt activation in malignant plasma cells can be fueled by autocrine and paracrine Wnt ligands and regulates proliferation and drug resistance of MM cells by inducing expression of Wnt target genes, such as *CCND1*, *MYC*, and *AURKA*. As discussed below, several genetic and epigenetic alterations have been identified in MM that reinforce this Wnt pathway activation, either by directly enhancing signaling by Wnt ligands or by facilitating intracellular signal transduction.

Epigenetic silencing of Wnt antagonists, aberrant expression of LGR4 and HSPG facilitate ligand-induced Wnt signaling in MM {#Sec6}
===========================================================================================================================

Gene-specific promotor methylation is frequently observed in MM and can contribute to tumorigenesis by selectively and reversibly suppressing transcription of tumor suppressor genes, such as p16/INK4a (encoded by *CDKN2A*) \[[@CR64]\]. Interestingly, epigenetic silencing of core Wnt pathway components and/or of secreted Wnt antagonists is frequently present in MM and likely plays a key role in facilitating Wnt activation. Hypermethylation of the promotor of *APC* or at least one of the secreted Wnt antagonists *WIF1*, *DKK1*, *DKK3*, and *sFRP1*, *sFRP2*, *sFRP4*, and *sFRP5* was detected in the majority of pMMs and HMCLs and was associated with advanced disease stage (Table [1](#Tab1){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}). Over 60% of these patients displayed epigenetic silencing of multiple Wnt antagonist \[[@CR61], [@CR62], [@CR65]\]. Reverting this promotor methylation by the demethylating agent decitabine resulted in re-expression of these antagonists and mitigated Wnt signaling, demonstrating that their silencing indeed facilitates Wnt activation in MM cells. In addition to epigenetic silencing of Wnt antagonists, aberrant expression of the R-spondin receptor LGR4 was identified as a cause of increased responsiveness of MM cells to Wnt ligands \[[@CR63]\]. Analysis of LGR4 expression revealed it is expressed by the majority of MMs, but not by normal plasma cells (Table [1](#Tab1){ref-type="table"}). LGR4 is transcriptionally regulated by IL-6/STAT3 signaling and allows MM cells to respond to R-spondins, which are produced in the BM microenvironment by cells of the osteoblast lineage \[[@CR63]\]. Engagement of R-spondin by LGR4 alleviates Wnt (co)receptor internalization by ZNRF/RNF43, resulting in stabilization of Wnt (co)receptors and greatly increased sensitivity of tumor cells to Wnt ligands \[[@CR26]--[@CR29]\] (Fig. [1](#Fig1){ref-type="fig"}, right panel). Accordingly, while Wnt ligands alone only moderately activate Wnt signaling in HMCLs, addition of recombinant R-spondin or (pre)osteoblast-conditioned media dramatically enhances signaling by both autocrine and paracrine Wnt ligands. Moreover, silencing of LGR4 in HMCLs secreting autocrine Wnt ligands impaired proliferation in vitro, indicating functional involvement of LGR4 in mediating Wnt-driven tumorigenesis \[[@CR63]\].Fig. 2Schematic overview of genetic and epigenetic abnormalities in Wnt pathway components in MM and drugs that target canonical Wnt signaling. Aberrant canonical Wnt signaling pathway activation in MM cells is facilitated by epigenetic silencing (blue), overexpression (green), or mutation (yellow) of multiple Wnt pathway components. Notably, a variety of antibodies, small molecule, and peptides have been recently developed that target Wnt signaling at multiple distinct levels (red, see also Table [2](#Tab2){ref-type="table"})

Interestingly, we recently reported that syndecan-1 (CD138) acts as a key mediator of both R-spondin/LGR4 signaling and signaling by Wnt ligands in MM \[[@CR66]\]. Syndecan-1 is a HSPG that is strongly expressed by normal and malignant plasma cells and consists of a core protein decorated with covalently bound heparan sulfate chains that can promiscuously bind and present a variety of growth factors and cytokines \[[@CR9]--[@CR11]\]. Silencing of the enzyme exostosin 1 (*EXT1*), which is required for heparan sulfate chain synthesis, mitigated binding of both Wnts and R-spondins to MM cells and attenuated Wnt pathway activation. Moreover, silencing of *EXT1* attenuated the growth of MM tumors both in vitro and in vivo, which could be rescued by ectopic expression of a constitutive active β-catenin mutant or by c-MYC expression, indicating involvement of canonical Wnt signaling \[[@CR66], [@CR67]\].

Deletion of the tumor suppressor CYLD, sumoylation of β-catenin, and overexpression the oncogene BCL9 hyperactivates Wnt signaling MM {#Sec7}
=====================================================================================================================================

The above described epigenetic alterations enhance the sensitivity of MM cells to Wnt ligands by affecting *membrane proximal* regulators of the Wnt signaling cascade. However, aberrant expression of intracellular Wnt pathway regulators CYLD and BCL9 can also strongly promote Wnt signaling in MM. Loss of the tumor suppressor *CYLD*, by gene deletion and/or inactivating mutations, is among the most common genetic abnormalities in MM and is associated with a poor prognosis \[[@CR46], [@CR47], [@CR68]--[@CR72]\] (Table [1](#Tab1){ref-type="table"}). CYLD is a deubiquitinase that decreases stability of target proteins by specifically removing Lys63-linked polyubiquitin chains, and acts as a negative regulator of NF kappa B and Wnt signaling \[[@CR73]--[@CR75]\]. In Wnt signaling, CYLD targets and destabilizes the adapter protein Dvl, which impairs signal transduction (Fig. [1](#Fig1){ref-type="fig"}). Gene-expression analysis in pMM revealed a negative correlation between *CYLD* mRNA expression and the strength of a Wnt target gene signature. In addition, gene-set-enrichment analysis showed enrichment of Wnt pathway genes in *CYLD* low compared to *CYLD* high MM patients. These data suggest that loss of CYLD facilitates Wnt signaling in MM cells. Indeed, functional studies demonstrated that silencing of CYLD in MM cells enhances β-catenin stabilization and β-catenin/TCF-mediated transcription, while reintroduction of CYLD in MM cells that display a bi-allelic loss of the *CYLD* locus suppresses Wnt activity and impairs proliferation. Thus, loss of CYLD can promote Wnt pathway activation and drive proliferation in MM \[[@CR71]\].

In addition to ubiquitination, sumoylation has also been implicated in the deregulation of canonical Wnt signaling in MM \[[@CR76]\]. Increased protein sumoylation has been previously observed in MM and is associated with adverse patient outcome \[[@CR77]\]. siRNA-mediated silencing of *SUMO1* in MM cells enhanced β-catenin phosphorylation and decreased β-catenin-mediated transcription. Moreover, this was accompanied by decreased proliferation and increased apoptosis of MM cells, which could be rescued by ectopic expression of a constitutive active β-catenin mutant. These results indicate that sumoylation of β-catenin can enhance Wnt/β-catenin signaling in MM cells \[[@CR76]\]. Similar to CYLD deletion, aberrant expression of the transcriptional coactivator BCL9 has also been linked to hyperactivation of the Wnt pathway in MM. BCL9 functions by recruiting the transcriptional coactivator Pygopus to the β-catenin/TCF complex, which is required for transcription of Wnt target genes \[[@CR18]\]. Gene-expression analysis revealed that BCL9 is overexpressed in approximately 60% of MMs, while BCL9 expression is negligible in normal plasma cells (Table [1](#Tab1){ref-type="table"}). Amplification of chromosome 1q, which contains the BCL9 locus, is recurrently observed in MM. However, 1q gain did not significantly correlate to *BCL9* mRNA expression, suggesting that other mechanisms drive BCL9 expression \[[@CR72], [@CR78]\]. Indeed, loss of microRNA miR30--5p, which targets the 3′UTR of *BCL9*, has recently been identified as important mechanism underlying BCL9 overexpression in malignant plasma cells \[[@CR79]\]. In functional studies, shRNA-mediated knockdown of BCL9 in HMCLs suppressed Wnt signaling and attenuated tumor growth in vitro and in vivo. In addition, BCL9 silencing decreased the migration of tumor cells and suppressed expression of vascular endothelial growth factor (VEGF) \[[@CR79]\]. Similar results were obtained by suppressing BCL9 function with ectopic expression of miR-30--5p \[[@CR79]\] or treatment with a BCL9-derived peptide that specifically disrupts the BCL9/β--catenin interaction \[[@CR80]\], supporting the notion that BCL9 overexpression mediates Wnt-driven tumorigenesis in MM. In addition to BCL9, mucin1-C (MUC1-C) was recently also reported to act as transcriptional co-activator in Wnt signaling, increasing β-catenin occupancy on the MYC promoter and forming a complex with β-catenin and TCF4, thereby driving MYC transcription \[[@CR81]\].

Collectively, the above-described studies support a model in which loss of Wnt antagonists or aberrant expression of positive Wnt regulators sensitizes MM cells to autocrine and paracrine Wnt ligands. This results in hyperactivation of canonical Wnt signaling and enhances proliferation, migration, and drug resistance of MM cells.

Wnt signaling in MM bone disease {#Sec8}
================================

Osteolytic lesions are present in the vast majority of MM patients and are frequently accompanied by highly debilitating symptoms such as bone pain and pathological fractures. Current evidence indicates that MM cells induce lytic bone disease by secreting paracrine factors that both instigate osteoclastic bone resorption and impair bone formation by attenuating osteoblast differentiation \[[@CR82]\].

Canonical Wnt signaling is required for osteoblast development and plays a key role in bone homeostasis. This is illustrated by rare hereditary diseases characterized by increased or decreased bone mass. Loss of the osteocyte-specific secreted Wnt antagonist sclerostin (Van Buchem disease or sclerosteosis) or mutations in the Wnt coreceptor LRP5, which prevent binding of the Wnt antagonists sclerostin and DKK1, have been shown to cause increased bone mass. Conversely, loss-of-function mutations of LRP5 have been identified in osteoporosis-pseudoglioma syndrome (OPPG), which is characterized by decreased bone mass \[[@CR83]\]. A landmark study by Tian et al. \[[@CR84]\] identified secretion of the Wnt antagonist DKK1 by MM cells as a key mechanism underlying MM bone disease. Gene-expression analysis revealed that most MMs express DKK1, in contrast to normal plasma cells or MGUS. *DKK1* expression strongly correlated with the presence of lytic bone lesions. Functional studies indicated that DKK1-mediated inhibition of canonical Wnt signaling in osteoblast contributes to the development of osteolytic lesions by attenuating osteoblast differentiation \[[@CR84], [@CR85]\].

In addition to DKK1, the secreted Wnt inhibitors sFRP2 \[[@CR86]\], sFRP3/FRZB \[[@CR87], [@CR88]\] and sclerostin \[[@CR89], [@CR90]\] have also been reported to be overexpressed in MM. Of note, only *DKK1* and *sFRP3/FRZB* expression levels were significantly correlated to the presence of lytic bone disease \[[@CR91]\]. Intriguingly, expression of DKK1 as well as of other secreted Wnt antagonists is largely restricted to early disease stages. During disease progression, expression of these Wnt antagonists is frequently lost due to promoter methylation. This suggests that Wnt antagonists exert disease stage-specific functions \[[@CR61], [@CR62], [@CR65]\]. Following the identification of secreted Wnt antagonists as drivers of lytic bone disease, the therapeutic potential of activating Wnt signaling in osteoblasts was studied in various murine in vivo MM models. Stimulation of Wnt signaling in the tumor microenvironment either by ectopic expression of Wnt3a in HMCLs \[[@CR54]\] or by systemic administration of Wnt3a, GSK3-inhibitors \[[@CR56]\] or an anti-DKK1 monoclonal antibody (mAb) \[[@CR92], [@CR93]\] was found to increase osteoblast numbers, enhance bone formation, and prevent the development of osteolytic lesions. Collectively, these results provided strong evidence for a key role of deregulated Wnt signaling in the development of osteolytic lesions. Interestingly, some studies reported that the increase in bone formation in these models was accompanied by a decrease in tumor burden, which seems to contradict the notion that Wnt activation drives proliferation of MM cells. However, additional experiments revealed that the GSK3 inhibitor LiCl only decreased tumor growth in the BM, while the growth of subcutaneously inoculated MM cells was enhanced \[[@CR56]\]. Ectopic expression of dnTCF4 in the MM cells blocked the LiCl-induced growth of subcutaneous tumors, confirming that it was indeed driven by Wnt signaling. Furthermore, ectopic expression of Wnt3a in MM cells or treatment of MM-bearing mice with Wnt3a \[[@CR54]\] or with anti-DKK1 mAbs \[[@CR92], [@CR93]\] was reported to decrease growth of intramedullary MMs but did not suppress the growth of subcutaneously inoculated MMs. However, in these cases no growth acceleration of subcutaneous tumors was observed. These data suggest that MM-derived Wnt antagonists indirectly enhance tumorigenesis by suppressing osteoblast differentiation. Consistent with this scenario, it was reported that osteoblasts precursors secrete significant higher levels of IL-6, IL-10, BAFF, HGF, and VEGF, suggesting that suppression of osteoblast differentiation enhances tumor growth by creating a tumor permissive microenvironment \[[@CR55], [@CR92], [@CR94]\] (Fig. [3](#Fig3){ref-type="fig"}). Of note, we recently reported that immature osteoblasts also secrete high levels of R-spondin, which may protect LGR4-expressing MM cells against Wnt inhibition by secreted Wnt antagonist \[[@CR63]\].Fig. 3Schematic representation of inhibition of osteoblast differentiation by MM-derived Wnt antagonists. The MM-derived secreted Wnt antagonists DKK1, sFRP, and sclerostin attenuate Wnt signaling in osteoblast precursors, which impairs osteoblasts differentiation and contributes to the development of osteolytic lesions. Inhibition of osteoblast differentiation creates a tumor permissive environment, since osteoblast precursors secrete high levels of IL-6, BAFF, and other cytokines and growth factors. In addition, immature osteoblasts secrete R-spondin, which protects LGR4-expressing MM cells against secreted Wnt antagonists by enhancing sensitivity of tumor cells to autocrine and paracrine Wnt ligands

Conclusions and therapeutic perspectives {#Sec9}
========================================

As discussed in this review, current evidence indicates that canonical Wnt signaling plays a dual and disease stage-specific role in the pathogenesis of MM. At early disease stages when MM cells are strictly confined to the BM, they secrete various Wnt antagonists, which attenuate osteoblast differentiation and thereby contribute to the development of osteolytic lesions. Since osteoblast precursors secrete high levels of cytokines and growth factors that promote MM cell growth and survival this creates a tumor permissive environment (Fig. [3](#Fig3){ref-type="fig"}). During MM disease progression, the secreted Wnt antagonists are subject to epigenetic silencing, which facilitates Wnt pathway activation and Wnt-driven proliferation of MM cells.

Oncogenic Wnt activity is typically driven by mutations in key Wnt pathway components, but these pathway intrinsic mutations are rare in MM (Table [1](#Tab1){ref-type="table"}). Instead, Wnt pathway activation in MM is largely fueled by autocrine and paracrine Wnt ligands and promoted by epigenetic silencing of secreted Wnt antagonist, overexpression of the co-receptor LGR4 and the transcriptional co-activator BCL9, expression of HSPGs, sumoylation of β-catenin and mutation/deletion of the negative regulator CYLD (Table [1](#Tab1){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}). This indicates that illegitimate Wnt activation in MM results from 'releasing the breaks' rather than 'hitting the gas'. Aberrant Wnt pathway activation in MM cells mediates proliferation by inducing expression of cell cycle genes, such as *CCND1, MYC*, and *AURKA* and causes drug resistance. Of note, deregulation of the cell cycle is a unifying pathogenic event required for malignant transformation of plasma cells \[[@CR4]\].

Given the role of DKK1 in the development of lytic bone disease, a mAb targeting DKK1 has been developed and has been tested in clinical trials. Initial reported results indicate that anti-DKK1 treatment is well tolerated; thus far effects on MM bone disease and disease outcome have not been reported \[[@CR95]\]. Importantly, anti-DKK1 treatment will likely not only increase Wnt signaling in osteoblasts but also in the tumor cells. Furthermore, apart from DKK-1 MM cells express a number of additional Wnt antagonists that will not be targeted using this strategy. Since DKK1 and other Wnt antagonists present bonafide transcriptional feedback targets of Wnt signaling in many tissues, it will be important to determine if they are also transcriptionally regulated by Wnt signaling in MM (see also wnt.stanford.edu) \[[@CR96]--[@CR98]\]. If so, targeting Wnt signaling in MM cells may not only decrease proliferation and drug resistance, but also suppress secretion of Wnt antagonist, thus preventing osteoblast inhibition and MM bone disease.

In addition to canonical Wnt signaling, several studies have indicated a role of non-canonical Wnt signaling in MM pathogenesis. Activation of this signaling cascade involves signaling true RhoA/ROCK and PKC family members, and mediates migration, invasion, and adhesion of MM cells, resulting in tumor dissemination and CAM-DR.

The central role of the Wnt pathway in a wide variety of malignancies has led to the development and (pre)clinical testing of many monoclonal antibodies, and small molecule inhibitors, targeting the Wnt signaling cascade at multiple distinct levels (Fig. [2](#Fig2){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}) \[[@CR30], [@CR80], [@CR99]--[@CR109]\]. Despite the fact that Wnt signaling is essential for many homeostatic functions, these drugs have proven to be surprisingly well tolerated. Importantly, the Wnt signaling cascade in MM is essentially intact and Wnt activation is largely ligand dependent. This implies that Wnt signaling can be targeted by drugs that act on membrane proximal in the pathway, such as Porcupine inhibitors interfering with secretion of Wnts, or mAbs and small molecules/peptides that sequester Wnts or block Wnt receptors. In addition, given its central role in regulating the sensitivity of tumor cells to Wnt ligands, blocking LGR4/R--spondin interaction with mAbs or other compounds is a potentially attractive strategy to target Wnt signaling in MM (Fig. [2](#Fig2){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}). Furthermore, targeting the BCL9/β-catenin complex presents a potentially promising therapeutic strategy to inhibit canonical Wnt signaling in MM cells, since BCL9 is exclusively expressed by malignant plasma cells but not by normal plasma cells and many other cell types \[[@CR10]\]. Since most MM display hallmarks of Wnt activation, irrespective of the genetic background, targeting the Wnt pathway is potentially of benefit for a large group of MM patients. Further studies are required to define the best strategy for targeting canonical Wnt signaling in MM, possibly by uncoupling Wnt signaling in MM cells from Wnt activation in the BM niche.Table 2Overview of monoclonal antibodies, peptides, and small molecule inhibitors that target canonical Wnt signalingNameTargetStudy phaseTrial number*Monoclonal antibodies/peptides*Vantictumab (OMP-18R5) \[[@CR99]\]Frizzled receptorsPhase INCT01973309, NCT01345201, NCT02005315, NCT0195700784Ipafricept (OMP-54F28) \[[@CR100]\]Wnt ligands (Fzd8-Fc)Phase INCT02092363, NCT02050178, NCT02069145, NCT01608867Rosmantuzumab (OMP-131R10) \[[@CR101]\]R-spondin 3Phase INCT02482441SAH-BCL9 \[[@CR80]\]BCL9/β-catenin interactionPreclinical*Small molecules*LGK974 \[[@CR30], [@CR102]\]Porcupine (Wnt secretion)Phase INCT01351103, NCT02278133ETC-159 \[[@CR103]\]Porcupine (Wnt secretion)Phase INCT02521844C59 \[[@CR104]\]Porcupine (Wnt secretion)PreclinicalIWP-2 \[[@CR105]\]Porcupine (Wnt secretion)PreclinicalXAV939 \[[@CR106]\]Tankyrase (Axin stabilization)PreclinicalIWR \[[@CR105]\]Tankyrase (Axin stabilization)PreclinicalG007/G244-LM \[[@CR97]\]Tankyrase (Axin stabilization)PreclinicalPyrvinium \[[@CR40]\]CK1α activationPreclinical^a^BC2059 \[[@CR37]\]β-cateninPhase INCT03459469PKF115--584 \[[@CR35]\]TCF/β--catenin interactionPreclinicalICG-001 \[[@CR108]\]CBP/β--catenin interactionPreclinicalPRI-724 \[[@CR109]\]CBP/β--catenin interactionPhase I/IINCT01764477, NCT01606579AV-65 \[[@CR36]\]UnknownPreclinicalCGK012 \[[@CR38]\]UnknownPreclinical^a^Pyrvinium is FDA-approved as an anti-helminthic drug
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